A growing body of evidence suggests that microRNA-592 (miR-592) may be involved in the initiation and progression of cancer by targeting various molecules in several human cancers. However, the function and underlying molecular mechanism of miR-592 in non-small cell lung cancer (NSCLC) remains unclear. In the present study, we found that miR-592 was significantly downregulated in NSCLC cell lines and tissues by real-time quantitative RT-PCR (qRT-PCR), and that lower miR-592 expression was negatively associated with advanced tumor/nodes/metastasis (TNM) classification stages (P<0.01) and lymph node metastasis (P<0.01). Function assay demonstrated that the miR-592 mimic reduced in vitro cell proliferation, colony formation, migration and invasion in A549 cells (a NSCLC-derived cell line), and inhibited in vivo tumor cell growth in xenografted nude mice. Furthermore, the gender determining region Y (SRY)-related high mobility group box 9 (SOX9) was confirmed as a direct target of miR-592, using luciferase reporter, qRT-PCR and western blot assays. Enforced overexpression of SOX9 effectively reversed the tumor suppressive functions of miR-592 on NSCLC proliferation, colony formation, migration and invasion. These findings suggested that miR-592 functions as tumor suppressor in NSCLC by suppressing the activity of SOX9, and that miR-592 might serve as a promising therapeutic target for NSCLC treatment.
Introduction
Lung cancer, predominantly non-small cell lung cancer (NSCLC), is one of the leading causes of cancer-related mortality worldwide (1) . Despite recent advances in clinical and experimental oncology, the prognosis of NSCLC remains unfavorable and the 5-year survival rate of patients with NSCLC is <16% (2, 3) . The difficulties of curing NSCLC are mainly due to an unclear elucidation of the heterogeneous genetic and epigenetic changes of NSCLC (4) . Therefore, there is an urgent need to elucidate the molecular mechanisms underlying carcinogenesis, and progression in NSCLC for improving the diagnosis, prevention and treatment of this disease.
microRNAs (miRNAs) are class of endogenous, small non-coding RNA molecules with a length of 18-25 nucleotides that negatively regulate mRNA stability and/or repress mRNA translation by binding to the 3'-untranslated region (3'-UTR) (5, 6) . Increasing evidence has suggested that miRNAs play significant roles in diverse biological processes, such as cell proliferation, cell cycle, differentiation, apoptosis and metastasis (7) (8) (9) . Deregulation of miRNAs has been widely reported to be involved in the development of various cancers, including NSCLC (10) (11) (12) , which may provide a new and promising way to treat NSCLC.
microRNA-592 (miR-592), has been proposed to be a new prognosis predictor and a new prospective target for several types of cancer (13) (14) (15) (16) (17) (18) . Although recently a report showed that the expression of miR-592 was reduced in NSCLC cell lines and compared to normal cells using microarray data sets (19) . However, the biological roles and underlying mechanism of miR-592 in NSCLC remains unclear. Therefore, the aim of the present study was to investigate the biological function and the potential mechanisms of miR-592 on cell growth and metastasis in NSCLC. In the present study, for the first time, we verified that miR-592 plays a suppressor role in tumor growth and metastasis in NSCLC cells by targeting SOX9, which provides a new approach for NSCLC therapeutics.
Materials and methods
Cell lines and tissue samples. Four NSCLC cell lines (A549, H1299, SPCA1 and H358) and a normal lung cell line (BEAS-2B) were purchased from the Cell Culture Center of the Shanghai Institute for Biological Sciences of Chinese Academy of Science (Shanghai, China), and were grown in Dulbecco's modified Eagle's medium (DMEM; Gibco, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS; Gibco) and maintained at 37˚C in humidified air with 5% CO 2 .
miR-592 functions as a tumor suppressor in human non-small cell lung cancer by targeting SOX9
Paired NSCLC tissues and adjacent non-tumor tissues were collected from 40 patients who underwent curative resection for NSCLC at the First Hospital, Jilin University (Changchun, China) between January 2015 and January 2016. All tissue samples were flash frozen in liquid nitrogen immediately after collection and stored at -80˚C until RNA extraction. The samples were confirmed by pathological examination. The study was approved by the Ethics Committee of the First Hospital of Jilin University (Changchun, China) and informed consent was obtained from each patient.
Cell transfection. miR-592 mimic (miR-592), and corresponding miRNA negative control (miR-Ctrl) were synthesized by Shanghai GenePharma, Co., Ltd. (Shanghai, China). The coding domain sequence of human SOX9 mRNA was amplified by PCR using human lung CDNA, and inserted into pVAX1 vector (Invitrogen, Grand Island, NY, USA), named as pVAX1-SOX9. Transfection was performed using Lipofectamine 3000 (Invitrogen) according to the manufacturer's instructions.
Real-time quantitative reverse transcription PCR. Total RNA was extracted from tissues or cultured cells with TRIzol reagent (Invitrogen) in accordance with the protocol specified by the manufacturer, and its quality was assessed with a dualbeam ultraviolet spectrophotometer (Eppendorf, Hamburg, Germany). For detection of the miR-592 level, 100 ng of total RNA was reverse transcribed into cDNA using the mirVana miRNA detection kit (Ambion, Cambridge, MA, USA). Expression of miR-592 was quantified using the standard TaqMan ® miRNA assay kit (Applied Biosystems, Foster City, CA, USA) under the 7500 Fast Real-Time PCR system (Applied Biosystems). The primers of miR-592 and U6 were used as previously described (15). To quantify SOX9 mRNA level, 100 ng of total RNA was reverse transcribed into cDNA using the reverse transcriptase Moloney murine leukemia virus (Takara, Shiga, Japan). Expression of SOX9 mRNA was quantified using SYBR Premix Ex Taq (Takara) with the 7500 Fast Real-Time PCR system. The primers of SOX9 and GAPDH were used in this study as previously described (20) . Fold changes in gene expression were calculated using the 2 -ΔΔCt method with U6 or GAPDH serving as an internal control for detection of miR-592 and SOX9, respectively.
Cell proliferation and colony formation assays. Proliferation potential of cells was evaluated by using the Cell Counting kit-8 (CCK-8; Dojindo Laboratories, Kumamoto, Japan). Briefly, transfected cells were plated at a density of 2x10 3 cells/well in 96-well plate incubated at 37˚C in 5% CO 2 incubator. The cell proliferation was analyzed using a CCK-8 kit (Dojindo Laboratories) in accordance with the manufacturer's instruction. The proliferation assay was performed for 72 h and cell growth was assayed at 24-h intervals. Optical density was measured at 450 nm with a microplate reader (Bio-Tek Instruments, Inc., winooski, VT, USA). For colony formation assay, the transfected cells were counted and seeded in 6-well plates (in triplicate) at 200 cells/well allowed to grow in DMEM medium containing 10% FBS for 10 days. Fresh culture medium was replaced every 3 days. Colonies were stained with 6% glutaraldehyde and 0.5% crystal violet solution for 30 min at room temperature. Images were captured digitally and colonies were counted.
Migration and invasion assays. wound healing experiment and Transwell insert (24-well insert; pore size 8 µm; Corning, Inc., Corning, NY, USA) assays were performed to determine the migration and invasion abilities of the NSCLC cells, respectively. Briefly, for the wound healing experiment, transfected cells were seeded on 6-well plates at a density of 1x10 5 cells/well in the culture medium and were cultured until 90% confluence. The confluent monolayer was scratched using a 200 µl tip to form a wound, washed with phosphatebuffered saline (PBS) buffer twice and cultured for 24 h. The wound gaps were photographed and analyzed by measuring the distance of migrating cells from at five selected randomly areas for each wound by a microscope.
For invasion assay, transfected cells were plated at a density of 5x10 4 cells/well in the upper chamber in free serum. The lower chamber was filled with 600 µl of the DMEM medium containing 10% FBS as the nutritional attraction. After incubation for 48 h, non-invading cells were removed from the top well with a cotton swab, while the bottom cells were fixed with 70% ethanol for 30 min and stained with 1% crystal violet for 10 min. The number of invaded cells was photographed and counted using an inverted microscope (Olympus, Tokyo, Japan) at x200 magnification in at least five fields.
Dual-luciferase reporter assay. The human SOX9 3'UTR region containing predicted miR-592 seed-matching sites and corresponding mutant sites were amplified by PCR using human lung cDNA template, and inserted into pMIR-Reporter vector (Ambion) at the SacI and HindIII restriction enzyme sites. These constructs were validated by DNA sequencing. For luciferase reporter assay, A549 cells were seeded in a 24-well plate and co-transfected with the wild-type or mutant reporter plasmid, pRL-TK plasmid, and miR-592 mimic or miR-Ctrl using Lipofectamine 3000. At 48 h after transfection, luciferase activities in the cells were analyzed using the Dual-luciferase reporter assay system (Promega, Madison, wI, USA) according to the manufacturer's protocol. Firefly luciferase activity was normalized to Renilla luciferase activity for each well.
Western blot analysis. The protein from tissues or cultured cells was separated using RIPA lysis buffer containing proteinase inhibitor (Sigma-Aldrich, St. Louis, MO, USA). Concentrations of total cellular protein were measured using a BCA assay kit (Pierce, Rockford, IL, USA). All proteins were resolved on a 10% SDS-denaturing polyacrylamide gel and then transferred onto a nitrocellulose membrane (BioRad Laboratories, Munich, Germany). The membranes were incubated with antibodies against SOX9 (1:1,000; Santa Cruz Biotechnology, Santa Cruz, CA, USA) or GAPDH (1:3,000; Santa Cruz Biotechnology) overnight at 4˚C. The membranes were then washed and incubated with a horseradish peroxidase-conjugated secondary antibody (1:5,000; Santa Cruz Biotechnology) at room temperature for 2 h. Protein bland was observed using the enhanced chemiluminescence (ECL) reagents (Pierce; Thermo Fisher Scientific, Inc., Waltham, MA, USA) and then exposure to chemiluminescent film (Pierce).
Xenograft tumor model. The animal studies were approved by the Institutional Animal Ethics Committee of Jilin University and experiments were performed in accordance with the Animal Ethics guidelines of Jilin University. Stable A549 cells (2x10 6 in 0.2 ml) transfected with miR-592 or miR-NC were injected subcutaneously into the flank region of 6-week old male severe combined immunodeficiency mice (SCID; Institute of Laboratory Animal Sciences, Jilin University). Tumor growth was monitored every 7 days using fine digital calipers. Tumor volume was calculated by the following formula: tumor volume = 0.5 x width 2 x length. Five weeks after the inoculation, mice were sacrificed and tumors were removed and weighed. Tumor tissues were frozen in liquid nitrogen immediately after collection and stored at -80˚C until use.
Statistical analysis. All experiments were performed at least three times, and data were analyzed with using the SPSS 19.0 statistical software package (SPSS, Inc., Chicago, IL, USA). The correlations between miR-592 expression levels and SOX9 mRNA levels in human NSCLC tissues were assessed by Spearman's rank test. The differences were considered to be statistically significant at P<0.05.
Results

miR-592 is downregulated in human NSCLC specimens and cell lines.
To determine the expression levels of miR-592 in human NSCLC specimens, qRT-PCR analysis was performed in 40 pairs of NSCLC specimens and matched adjacent non-tumor tissues (ANT). The results revealed that miR-592 expression levels in NSCLC tissues were significantly lower than those in adjacent non-tumor tissues (Fig. 1A) . we also analyzed miR-592 expression levels among different clinical stages, and found that the expression levels of miR-592 in advanced TNM stage (III-IV) were significantly downregulated compared with those in low TNM stage (I and II) (Fig. 1B) . In addition, miR-592 levels were markedly lower in the patients with lymph node metastases than those in the patients without lymph node metastases (Fig. 1C) . we also examined miR-592 expression level in four NSCLC cell lines (A549, H1299, SPCA1 and H358) and a normal lung cell line (BEAS-2B), and found that miR-592 was significantly downregulated in all NSCLC cell lines, as compared to normal lung cell line ( Fig. 1A; P<0 .05). These results suggested that miR-592 may be a potential new biomarker for the diagnosis of NSCLC.
miR-592 inhibits cell proliferation and colony formation of NSCLC cells. To examine the biological role of miR-592 on growth of human NSCLC, A549 cells with low expression levels of miR-592 were transfected with miR-592 mimic or miR-Ctrl. qRT-PCR analysis demonstrated that miR-592 was highly expressed in cells transfected with miR-592 mimic compared to cells transfected with miR-Ctrl (Fig. 2A) . The CCK-8 assay indicated that cell proliferation was significantly impaired in A549 cells transfected with miR-592 mimic compared to cells transfected with miR-Ctrl (Fig. 2B) . Consistent with this result, we also showed that the ration of colony formation was significantly downregulated in A549 cells transfected with miR-592 mimic compared to cells transfected with miR-Ctrl (Fig. 2C) . These results suggested that miR-592 inhibited NSCLC growth in vitro.
miR-592 inhibits migration and invasion of NSCLC cells.
The above results showed that low expression levels of miR-592 in NSCLC tissues were closely related with lymph node metastases (Fig. 1C) , thus, wound healing assay and Transwell invasion assay was performed to investigate whether miR-592 had a direct influence on NSCLC cell migration and invasion. As shown in Fig. 3 , migration and invasion were attenuated in A549 cells transfected with miR-592 mimic compared to cells transfected with miR-Ctrl, suggesting that miR-592 inhibits NSCLC metastasis in vitro.
SOX9 is a direct target of miR-592 in NSCLC cells.
To fully understand the mechanism of miR-592 in inhibiting human NSCLC procession, TargetScan search program was used to predict targets of miR-592. As showed in Fig. 4A , one predicted binding site in the SOX9 3'-UTR with a perfect complementarity to the seed region of the miR-592 was observed. To explore whether miR-592 targets SOX9 by binding to its 3'-UTR region, A549 cells were co-transfected with the wild-type (wT) or mutant (Mut) SOX9 luciferase reporter vector and miR-592 or miR-Ctrl, then luciferase activities in these cells were measured 48 h after transfection. The results demonstrated that luciferase activities were obviously decreased in the cells transfected with the wild-type SOX9 reporter plasmid, but not in the cells with the mutant type SOX9 reporter plasmid (Fig. 4B) . In addition, forced expression of miR-592 attenuated SOX9 expression on mRNA level and protein level (Fig. 4C and D) . These results demonstrated that miR-592 directly targets SOX9 by binding its seed region of the 3'-UTR region in human NSCLC cells.
SOX9 expression was upregulated and inversely correlated
with miR-592 expression levels in NSCLC tissues. Next, we measured mRNA levels of SOX9 in human NSCLC specimens and adjacent non-tumor tissues by qRT-PCR. The results showed that the expression levels of SOX9 were significantly higher in NSCLC tissues than those in the non-tumor tissues (Fig. 5A) . Using Spearman's rank correlation analysis, we found that the expression levels of SOX9 and miR-592 were inversely correlated in 40 human NSCLC specimens ( Fig. 5B;  r=-0.711, P<0001) .
Restoration of SOX9 reverses miR-592 suppressed cell proliferation, migration and invasion in NSCLC cells.
To investigate whether the tumor suppressor role of miR-592 on NSCL cell proliferation, migration and invasion is mediated by inhibiting the expression of SOX9, A549 cells were co-transfected with miR-592 mimic and SOX9 overexpression plasmid without 3'-UTR. As shown in Fig. 6A and B, miR-592-induced SOX9 downregulation was rescued following co-transfection. Moreover, overexpression of SOX9 also reversed the inhibition effect on cell proliferation, colony formation, migration and invasion in A549 cells induced by miR-592 overexpressed (Fig. 6C-F) , suggesting that miR-592 suppresses human NSCLC cell proliferation, migration and invasion by inhibiting its target SOX9.
miR-592 suppresses tumorigenesis in vivo.
In order to test whether miR-592 inhibits tumor growth of NSCLC in vivo, A549 cells with stable expression of miR-592 or negative control (miR-Ctrl) subcutaneously injected into the flank region of immunodeficient mice, and tumor sizes were measured from one week of injection. Compared to miR-592 group, miR-Ctrl group developed significantly larger tumors from day 21 to day 35 (Fig. 7A) . Five weeks after injection, mice were sacrificed and tumors were stripped and weighted. The results showed that the tumor sizes and weights in miR-592 group were markedly decreased compared to miR-Ctrl group (Fig. 7B and  C) . In addition, we also measured miR-592 expression and SOX9 expression in tumor tissues. Consistent with in vitro data, levels of miR-592 expression was upregulated (Fig. 7D) , whereas SOX9 expression was downregulated in tumor tissues from miR-592 group compared to miR-Ctrl group (Fig. 7E and  F) . Taken together, these results suggest that miR-497 inhibits tumor growth of NSCLC in vivo by repressing SOX9.
Discussion
MicroRNAs (miRNAs), a novel class of regulatory molecules, have been indicated to play crucial roles in occurrence and development of cancer (7, 9) . Recently, a great number of miRNAs have been indentified to function as both tumor suppressor genes and oncogenes in NSCLC by regulating its target genes (10) (11) (12) . Identifying novel miRNAs and the corresponding targets are essential for diagnosis, prevention, and treatment of NSCLC, which may provide promising therapeutic opportunity for this disease. In this study, we first found that miR-592 expression was downregulated in NSCLC tumor samples and cell lines compared with adjacent non-tumor tissues and a normal lung cell line. Overexpression of miR-592 inhibited NSCLC cell proliferation, colony formation, migration and invasion in vitro, as well as suppressed tumor growth in vivo, suggesting that miR-592 could be a potential candidate for non-small cell lung cancer therapy. These results will provide new insights into the molecular mechanism of NSCLC and provide a potential novel therapeutic strategy for NSCLC diagnosis and treatment.
miR-592 has been demonstrated to be upregulated in colorectal and prostate cancer (13, 16, 18) , In two types of cancers, miR-592 functions as an oncogenic miRNA, and promotes cancer cell proliferation, migration and invasion via regulation of target genes FOXO3A and FOXO3 (13, 18) . On the contrary, recently two reports demonstrated that miR-592 was downregulated in hepatocellular carcinoma (HCC), and inhibits HCC growth in vitro and in vivo by targeting wSB1 and DEK (14, 15) . However, the role and molecular mechanism of miR-592 in NSCLC remains unclear. In the present study, we revealed that miR-592 expression was downregulated in NSCLC tissues and cell lines. Our findings further demonstrated that miR-592 significantly inhibited cell proliferation, colony formation, migration and invasion in vitro, as well as suppressed tumor growth in vivo by targeting SOX9. These results indicated that miR-592 function as tumor suppressor in NSCLC by repressing SOX9.
SOX9, a high-mobility-group box transcription factor, has been demonstrated to play a crucial role in various biological processes, such as male sex determination, chondrogenesis, neurogenesis and neural crest development (21, 22) . Recent accumulating evidence demonstrated that SOX9 expression was upregulated in several types of solid tumors and correlated with poor survival and prognosis (23) (24) (25) (26) , and that SOX9 overexpression could promote capacity of cell proliferation, cell migration, and cell invasion in multiple types of tumor (23) (24) (25) (26) . For NSCLC, SOX9 expression was upregulated in both NSCLC tumor tissues and cell lines, and the upregulation of SOX9 expression significantly correlated with advanced tumor stages and shorter OS times (20) . In addition, SOX9 overexpression has been reported to promote lung cancer cell proliferation and xenograft tumor formation (27, 28) , and increased lung cell migration, invasion and epithelial-mesenchymal transition (EMT) (29) . These reports suggested that SOX9 could serve as oncogene in NSCLC. Intriguingly, several miRs, including miR-124 (30), miR-206 (31) and miR-32 (32) participate in the regulation of SOX9 activity in lung cancer. In the present study, using a luciferase reporter assay, qRT-PCR, and western blot assays, SOX9 was identified as a direct target of miR-592 in NSCLC. we also found that SOX9 expression was upregulated in NSCLC tissues, and was negatively inversely correlated in miR-592 expression in NSCLC tissues. Of note, enforced overexpression of SOX9 effectively reversed the tumor suppressive functions of miR-592 on NSCLC proliferation, colony formation, migration and invasion. These results suggested that miR-592 exerted suppressor roles in NSCLC by targeting SOX9.
In summary, the present study provides evidence that miR-592 expression was significantly downregulated in NSCLC cell lines and tissues, and its expression was negative associated with advanced tumor/nodes/metastasis (TNM) classification stages and lymph node metastasis, and that restoration of miR-592 expression in NSCLCs inhibited cell proliferation, colony formation, migration and invasion, as well as suppressed tumor growth in vivo by targeting SOX9. These results suggested that miR-592 function as tumor suppressor in NSCLC by repressing SOX9, and might serve as a promising therapeutic target for NSCLC treatment.
